In this study, a prediction theory for specific noise that is the overall characteristic of the fan has been proposed. This theory is based on total pressure prediction and broadband noise prediction. The specific noises of two forward curved fans with different number of blades were predicted. The flow around the impeller having 120 blades (MF120) was more biased at a certain positions than the impeller with 40 blades (MF40). An effective domain of the energy conversion of MF40 has extended overall than MF120. The total pressure was affected by the slip factor and pressure loss caused by the vortex flow. The suppression of a major pressure drop by the vortex flow and expansion of the effective domain for energy conversion contributed to an increase in the total pressure of MF40 at the design point. The position of maximum relative velocity was different for each fan. The relative velocity of MF120 was less than that of MF40 due to the deviation angle. The specific noise of MF120 was 2.7 dB less than that of MF40 due to the difference in internal flow. It has been quantitatively estimated that the deceleration in the relative velocity contributed to the improvement in the overall performance.
Introduction
Forward curved fans are widely used in common household appliances such as air conditioners, kitchen ventilators, and bathroom dryers. Since these appliances are often driven continuously for a long periods, to be aerodynamically high efficiency is demanded from the viewpoint in the energy resource. In 2003, the Japanese government revised the Building Standard Law in order to take into account the "sick house syndrome". The revision in the law made it mandatory for ventilation equipment to be continuously operated for 24 h. Thus, it became necessary not only to increase fan efficiency but also to decrease fan noise in order to ensure a comfortable living environment. At the same operation point, the absolute velocity of the forward curved fan, which has an impeller with a forward curved blade, is theoretically greater than that of a turbofan, which has a backward curved impeller. This causes an increase in the pressure loss, although the total pressure increases at the design point. Therefore, the operating range of forward curved fans at high pressures is narrower than that of turbofans, and the efficiency of forward curved fans in this operation range is also low. Further, the level of the fan noise is observed to increase with the mean velocity when the total pressure on the fan is high.
Specific noise is a characteristic that is related to the aerodynamic characteristics of the fan and its noise level. The specific noise means the noise level per unit flow rate and per unit total pressure. The Japanese Standards Association [1] defines specific noise as shown in eq. (1) . L = L + 10 log (Q P 2 ) + 20
where L A is the A-weighted sound pressure level of the fan (dB), Q is the flow rate (m 3 /min), and P t is the total pres sure (Pa). In order to accurately predict the specific noise of the fan, first of all, it is necessary to quantitatively estimate the relation between the internal flow phenomena and the pressure loss. Kind et al. [2] studied the experimental characteristics of a separation domain produced by a vortex flow at the front side of the impeller. However, there have been few practical studies on the quantitative influence of flow phenomena such as vortex flow on pressure loss [3] . On the other hand, many studies about the experimental characteristics of the noise of a forward curved fan have been reported [4] , [5] , [6] . In the case of a multiblade impeller, the interference between the blade and wake vortex has a considerable influence on noise prediction since the pitch of the blade is narrow. Further, during actual operating conditions, aerodynamic noise occurring in the broadband frequency domain is found to be the predominant contributing factor to fan noise. However, practical examples of the prediction of broadband noise using the characteristics of the wake vortex have been few. These abovementioned situations hamper efforts for accurate prediction of the specific noise of the fan.
In this study, a prediction theory of the specific noise of a forward curved fan is proposed. This theory is composed of the prediction of total pressure and broadband noise. In order to predict the total pressure, a quantitative analysis method to determine the pressure loss caused by the vortex flow is proposed. Further, the prediction equation of the spectrum distribution of the broadband noise with the characteristics of the wake vortex is derived. Finally, the influence of internal flow on the specific noise of the forward curved fan is discussed based on the characteristics estimated by this theory.
Experimental Apparatus and Measurement Method
The test impeller is shown in Fig.1 and its main dimensions are summarized in Table 1 . These impellers are the forward curved centrifugal type. The fan is designed taking into consideration the number of blades of the impeller; fans with 40 and 120 blades are referred to as MF40 and MF120, respectively. The experimental apparatus used for measuring the aerodynamic characteristics of the fan is shown in Fig. 2 . The main dimensions of the scroll casing are summarized in Table 2 . A duct with a length of 1248 mm is attached to the exhaust port of the fan. The static pressure is measured by a pressure tap placed 80 mm below the fan exit on the downstream side. This measurement method of the pressure characteristics of the fan is different from the industrial standard, for instance JIS. However, when the pressure characteristics is measured based on the above mentioned method, the pressure characteristic of the fan is given the various pressure drops by the duct, the honeycomb, the orifice and so on. Therefore, in this study, the pressure characteristic obtained at the vicinity of the fan exit is discussed. The total pressure is defined as the sum of the dynamic pressures estimated by considering the mean velocity in the duct and the measured static pressure. The flow rate is measured by an orifice plate placed at a distance of 873 mm from the exit. The flow rate is controlled by a damper set up near the exit of a subsidiary fan. The flow coefficient φ and the total pressure coefficient ψ t are defined as in eq. (2) . 
where Q is the flow rate (m 3 /min) and P t is the total pressure (Pa). The distance between the point of measurement of the internal flow and the center of the motor axis was 72.5 mm. A five-hole Pitot tube was used to measure the absolute flow velocity, the static pressure, and the absolute flow angle at the impeller outlet. In order to determine the measurement point to the blade span direction, the nine points which divided equivalently with 5 mm pitch from the front side to the rear side is employed. Figure 3 shows the experimental apparatus for measuring the fan noise. The fan noise was measured in an anechoic room; the background noise in the room was below 25 dB in the A-weight measurement. In order to intercept the electric noise and mechanical noise from the motor, the motor is stored in an aluminum box; the interior of the box is covered with a rubber soundproof material. The flow rate of the fan was adjusted according to the static pressure specified by the P-Q characteristics. The noise was measured at an observation point that was 1.0 m above the bell mouth situated along the axis of the motor. The whole experiment was performed at a speed of 2800 rpm. 
Prediction Theory of Specific Noise

Prediction of Total Pressure
The biased flow model around the impeller is shown in Fig. 4 . The existence of a biased flow in the forward curved fan in the vicinity of the measurement position MP, which is shown in the figure, has been proved experimentally in reference [7] . It should be noted that it is not possible to measure the complete circumferential distribution of the flow around the impeller since the width of the channel in the scroll casing is narrow in the vicinity of the volute tongue. Therefore, in the experimental study, it becomes necessary to presume a suitable scale for the estimate of the biased flow. The measured flow rate in one pitch and the designed flow rate are indicated in eq. (3).
where dq is the measured flow rate in a blade pitch and dQ is the designed flow rate. The measured and design values of the total flow rate of the impeller should be equal although the value of the actual measured flow rate dq is found to be greater than the designed value dQ because of the biased flow, i.e., it is considered that the flow rate at other positions is underestimated because of the large flow rate in the vicinity of MP. K θ in eq. (4) is a coefficient used to indicate the ratio of the scales of such a biased flow.
where K θ is defined as the biased flow coefficient. The flow in the model has been divided into two domains-a vortex flow domain where the vortex flow is biased toward the front side, and a main flow domain where the outflow is biased toward the rear side. The ratio of the scale of the vortex flow domain to the blade span, i.e., the blockage factor K z , is estimated by eq. (5), which is based on the concept of the displacement thickness of the radial flow velocity.
where v r2 (z) is the radial flow velocity distribution at the impeller outlet and ￣ denotes the ensemble average in the main flow domain. The blockage factor K z is defined as the vortex flow coefficient. The velocity triangles at the inlet and outlet of the impeller in the main flow domain are given in Fig. 6 . The flow at the inlet has no prewhirls. The flow between the blades forms a boundary layer on the pressure surface side (PS side). On the suction surface side (SS side), the flow reattached at the leading edge also forms a boundary layer and is separated again at a separation point. Then, the slip factor at the exit of the impeller is given by eq. (6).
The designed shape of the arc blade is shown in Fig. 7 . The separation point at the SS side has been determined to be the point where the stream lines B, which has a deviation angle γ 2 , and the arc A come in contact with each other. The length of the separation domain L is determined by eq. (7).
where l 2 is the vector defined from the center of the arc to the trailing edge and l S is the vector defined from the center to the separation point.
Five Hole Pitot Tube 
The vector of the relative flow velocity at the impeller outlet is shown in Fig. 8 . The boundary layer displacement thickness of both sides (PS and SS) and the width of the shear layer on the SS side are expressed in eq. (8) .
where
In the above equations, δ is the displacement thickness of the turbulent boundary layer and its value is determined using the 1/7 power law [8] . D SS is the width of the shear layer on the SS side, w 2 is the relative flow velocity at the impeller outlet, and R eξ is the Reynolds number based on the domain of the boundary layer on the SS side. From the aforementioned assumption, we derive the width of the wake D * as shown in eq.(9).
PS SS SS
where t is the thickness of blade.
PS SS
Fig. 8 Velocity vector of the relative velocity and the width of the wake
The pressure loss head proposed by Johnston and Dean [9] is calculated by estimating the head caused by mixing and diffusion of the wake.
Here, K w is the ratio of the width of the wake to the blade pitch (wake coefficient) and S is the pitch of the blade. In the next section, all the variables indicated with an asterisk (*) indicate parameters that have uniform flow properties with the exception of the variable D * . Figure 9 is the flow model for the section from MP to the exit of the fan. 
where v θ2 is the circumferential component of the absolute flow velocity. If the drop in pressure is normalized by the dynamic pressure head of the tangential velocity u 2 , the total pressure coefficient can be expressed as given in eq. (13).
ψ =ψ − 2k − ∑ Δψ =ψ − Δψ − Δψ
In the above equations, ψ th∞ is Euler's total pressure coefficient, k 2 is the slip factor, Σ ⊿ψ is the total pressure loss coefficient, and ⊿ψ is the pressure loss coefficient.
Prediction of Fan Noise
The pressure fluctuation on the blade induced by a Karman vortex street is shown in Fig. 10 . Figure 10 (a) shows the pressure distribution in the direction of the main flow of the Karman vortex street, while Fig. 10(b) shows the pressure fluctuations at a certain position in the vicinity of the trailing edge. In this study, the ratio of vortex scale is defined in eq. (14) as the ratio of the diameter of the vortex to the width of the wake.
where d is the diameter of the vortex and D is the width of the wake. The pressure fluctuations are influenced by the pressure distribution of the Rankin vortex. Theoretically, the ratio D/L in Fig. 10 becomes D/L = 0.2806 when the Karman vortex street is formed in the wake. Therefore, the intermittency ratio κ of the periodic phenomenon of vortex shedding in a cycle is given by eq. (15) . . 11 shows the Karman vortex street in the near wake of the blade of the impeller. When the vortex is approximated to a Rankin vortex with diameter d, the pressure in the center of the vortex becomes negative (see Fig. 10 ). Thus, when the vortex is shed, a normal force is induced. In this study, the force induced by the vortex shedding is named as local lift. If the wake diffuses with a constant Strouhal number in the near field, the width of the wake can be divided into n pieces in the mainstream direction. where f denotes the frequency of vortex shedding, S t is the Strouhal number (S t = 0.2), j is the counter for the discretization, and w 2 is the relative velocity of the rotational impeller. The circulation of the vortex when the diameter of the vortex rotates due to its own velocity fluctuations is given by eq. (17).
Γ =π d w'
where, ￣ denotes the symbol for root mean square, Γ is the circulation of the vortex, and w' is the velocity fluctuation. When the vortex with a circulation and an intermittency ratio κ is shed in the wake, a local lift is induced by the vortex. The lift on the blade surface is estimated by the Magnus effect, which is given by eq. (18).
where L S denotes the vortex scale in the span direction. Then, the lift coefficient normalized by the scale of this vortex is given as follows:
If a Karman vortex street exists in the near field of the impeller, a local lift is induced on the solid surface of the adjoining blades (see Fig. 11 ). An original equation of sound pressure has been presented by Curle [10] . Broadband noise is generated by the overlapping of sound pressures by these vortices. Equation (20) is a discretized equation of the sound pressure.
4 π a 0 r 2 ∂t where p is the sound pressure, a 0 is the speed of sound, r is the distance between the sound source and the observation point, i denotes a vector, and F is the local lift induced by a vortex. When the lift fluctuates with the sine wave, the lift coefficient is differentiated, and eq. (21) is obtained as follows:
The angular velocity can be derived by eq. (22) related to the Strouhal number.
It has been experimentally proven that the vortex scale in the span direction is approximately three times the width of wake [11] , [12] , [13] . Thus, in this study, the aspect ratio of the vortex λ is theoretically given by eq. (23) by considering L S as the wavelength of the Karman vortex street.
Then, the root mean square of the sound pressure is as follows:
The spectral density of the fan noise is given as
where p 0 is the base sound pressure ( 20 μ Pa ) and ⊿L A j is the A-weighted sound pressure level at the each frequency. Then, the overall sound pressure level that represents the fan noise is given by
Prediction of Specific Noise
The Japanese Standards Association [14] defines specific noise as
(27) where Q is the flow rate (m 3 /min) and P t is the total pressure (Pa). By giving the flow rate coefficient of the design point to the eq. (13), the total pressure is obtained. The specific noise can be calculated from eq. (27) and takes into account the values of the designed flow rate, the total pressure calculated through eq. (13), and the fan noise calculated by eq. (26).
Results and Discussion
The distribution of the radial component of absolute velocity is shown in Fig. 12 . Figure 12(a) shows the circumferential distribution of the velocity at z/b 2 = 0.4. The variable θ on the horizontal axis in this figure is the angle measured in the counterclockwise direction from the base of the angle at the point A, which is shown in Fig. 2 . The point to measure the velocity is determined with reference to this velocity distribution. The biased flow coefficient K θ implies that if the number is large, the flow of the fan is biased in a certain location. The velocity distribution of MF120 is more biased than that of MF40. Figure 12(b) compares the velocity distributions in the blade span. On the basis of the value of the vortex flow coefficient, it is observed that the radial velocity of MF40 is more biased toward the hub than that of MF120. An effective domain of the energy conversion of MF40 has extended overall than MF120. Figure 13 shows the measured characteristics and the predicted characteristics of the total pressure. In this analysis, the design point was set at φ = 0.2. The symbol of circle and square in the figure are the measured total pressure, the solid lines show the predicted characteristics and the thick broken line shows the characteristics of the total pressure in the atmospheric pressure at the outlet of the fan. In the domain from 0.15 until the design point, the total pressure characteristics estimated by eq. (13) can Fig. 13 Characteristics of the total pressure coefficient predict the tendencies of the actual measurements. However, in the domain where the flow coefficient was low, the predicted value of the total pressure coefficient did not correspond to its measured value. Thus, it is considered that the internal flow of the fan in the domain that has a low flow coefficient does not obey the flow model proposed in this study. Table 3 is a summary of the total pressure and the pressure drops. It has quantitatively clarified that the drop in pressure due to the vortex flow has a considerable influence on the pressure drop of the entire system.
The distribution of the relative velocity is shown in Fig.14 . Figure 14 (a) shows the velocity distribution in the circumferential direction. It can be observed that the distribution of the internal flow is not uniform around the impeller and the value of the circumferential angle for which the velocity is maximum varies. The velocity distribution along the blade span is measured at the point where the maximum value of velocity can be obtained. Figure 14(b) shows the velocity distribution in the span direction. The maximum relative velocity of MF120 is found to be lower than that of MF40. 
Fig. 14 Distribution of the relative velocity in the fan
The distributions of the deviation angles are compared in Fig. 15 . The angle of MF40 is smaller than that of MF120 in the mainstream domain. As shown in Fig. 16 , when the deviation angle of MF120 is larger than that of MF40 the slip velocity increases due to the presence of the forward curved blade. Therefore, the relative velocity of MF120 is less than that of MF40.
The spectrum distributions of the noise from each fan are compared in Fig. 17 . The symbols of circle and square denote the measured spectra and the broken lines denote the predicted level. The parameters used for noise prediction are summarized in Table 4 . The wake characteristics obtained from the wind tunnel test in reference [15] are used for noise prediction. Since the measured noise level is lower than the predicted level in the low frequency domain, it can be assumed that a Karman vortex street with this frequency is no longer formed in the wake. Therefore, the following noise levels are summarized by the overall level in the domain of f > 1000 Hz. The spectrum distribution of the predicted values (broken line) can successfully estimate the broadband noise distributed in the 1000-3000Hz. The noise spectrum distribution is found to be fairly large in this domain. Therefore, in this case, the fan noise is found to be dominated by the broadband noise. The noise level of MF120 for the domains with a frequency above 1000 Hz is found to be smaller than that of MF40. Since the relative velocity was decelerated by the devi ation angle, it is considered that the noise level of MF120 is lower than that of MF40 (see Table 4 ). f Hz
Fig. 17 Spectrum distribution of the fan noise
The relation between the flow coefficient and the fan noise is shown in Fig. 18 . The measured fan noise of MF120 is 2.8 dB lower than that of MF40 in the vicinity of φ= 0.2. On the other hand, the total pressure coefficient of MF120 is lower than that of MF40 (see Fig. 13 ). In this case, the overall performance can be estimated by considering the specific noise. Figure 19 indicates the relation between the flow coefficient and the specific noise level. The specific noise of MF120 is smaller than that of MF40 in the vicinity of design point. The measured and predicted characteristics are summarized in Table 5 . According to this prediction, the fan noise of MF120 is 3.6 dB smaller than that of MF40; the specific noise of MF120 is 2.7 dB smaller than that of MF40. It has been quantitatively estimated that the deceleration in the relative velocity contributed to an improvement in the overall performance. 
Conclusion
In this study, we proposed a prediction theory for specific noise by considering the internal flow of a forward curved fan. The specific noise levels of two fans having a different number of blades were predicted. The proposed theory was able to predict the values of total pressure, fan noise, and specific noise for the fan in the vicinity of the design point. On the basis of the results of the prediction, the following conclusions about the relationship between the overall performance and the internal flow were obtained.
(1) The flow around the impeller with 120 blades (MF120) was more biased than that around the impeller with 40 blades (MF40). On the other hand, the vortex flow domain of MF120 was narrower than that of MF40. An effective domain of the energy conversion of MF40 has extended overall than MF120. (2) It was observed that the decrease in the total pressure was affected by the slip factor and the pressure loss of the vortex flow. The increase in the total pressure at MF40 was attributed to the suppression of a major drop in the pressure and the expansion of the effective domain for energy conversion. (3) The position around the impeller for which the relative velocity became maximum was different for each fan. That is, the position of the flow phenomena around the impeller that behaves as the source of fan noise is not necessarily the same for all fans. At the position of the noise source, the deviation angle in the main flow domain of MF120 was larger than that of MF40. The relative velocity of MF120 was also less than that of MF40 because of the slip. (4) Based on the internal flow of the forward curved fan, it was predicted that the specific noise of MF120 was 2.7 dB less than that of MF40. It has been quantitatively estimated that the deceleration in the relative velocity contributed to the improvement in the overall performance. 
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